In this work, a new experimental setup for acoustic emission (AE) monitoring was designed to study the process of pitting corrosion of 304 stainless steel. Two AE sensors were employed in the present setup to investigate the AE behaviors of the pitting process in the working electrode and the hydrogen bubbles on the counter electrode separately and simultaneously. The AE signals from hydrogen bubbles on the counter electrode started to be detected with a delay time (defined as ¦t 1 ) after the pitting potential was reached. Then the AE signals from the pitting process were detected after another delay time (defined as ¦t 2 ). The parameters of ¦t 1 and ¦t 2 generally decreased with the increase in sodium chloride concentration. Another parameter, ¦t 3 , was defined as the time difference between the first detections of the AE signals from hydrogen bubbles on the counter electrode and the pitting process on the working electrode. The AE signal-derived parameter, ¦t 3 , decreased linearly with the increasing concentration of sodium chloride. Furthermore, the value of ¦t 3 was directly proportional to open circuit potential (E OC ) and pitting potential (E P ) of 304 stainless steel, respectively. These correlations imply that the more easily pitting corrosion occurs, the lower the value of ¦t 3 would be and vice versa. The AE-derived time-delay parameter reflecting the pitting corrosion process can offer an alternative idea for evaluation of the corrosion critical variables and the pitting corrosion resistance.
Introduction
Stainless steels have been used under various aggressive environments for structural applications such as wastewater treatment plants, nuclear plants, and the petroleum facilities. In spite of extensive uses of the stainless steel, it has undergone localized pitting corrosion, which could rapidly lead to crack or failure of the structural components. 13) The pitting corrosion of stainless steel in an acid environment containing chloride ions proceeds according to the following overall reaction:
The pitting corrosion is usually studied in three-electrode system. It is a redox process involving two main and simultaneous chemical reactions as follows: Working electrode: M ! M nþ þ ne À ðPittingÞ ð 2Þ
Counter electrode: 2H þ þ 2e À ! H 2 " ðHydrogen bubblesÞ ð3Þ The process has been traditionally studied by electrochemical polarization methods. For spontaneously passive material like stainless steel, a protective film forms on the metal surface at the open-circuit potential (E OC ) during electrochemical polarization process. The passive film breaks down upon the initiation of pitting at a pitting potential (E P ). The corrosion critical variables of E OC and E P are regarded to be important features for evaluating the susceptibility of metals to pitting corrosion. 5, 6) As an in-situ evaluation method for pitting corrosion, AE has been being applied by many investigators.
715) Among these previous reports, most of researchers 8, 9, 11, 12) have reported a phenomenon known as "delay time", which is a short delay before recording significant AE activity resulting from pitting corrosion. Fregonese et al. 8, 9) and Xu et al.
11)
explained the phenomenon with the current density threshold for the pitting to be acoustically-emissive. However, it is worth noticing that these researches were focused on the pitting process in the working electrode only. The relationship between AE signals of the pitting process in the working electrode and the hydrogen bubbles on the counter electrode has not attracted any attentions yet. In this work, therefore, an experimental setup using two AE sensors was applied to investigate the AE behaviors of the pitting process in the working electrode and hydrogen bubbles on the counter electrode separately and simultaneously. Furthermore, a special attention was paid to the relationship of AE signal-derived delay-time parameter and the critical variables of pitting corrosion.
Experimental Details

Electrochemical corrosion test
A commercial 304 stainless steel sheet (Fe: balance, C: 0.07 mass%, Si: 0.55 mass%, Mn: 2.00 mass%, Cr: 18.19 mass%, Ni: 8.07 mass%, P: 0.02 mass% and S: 0.03 mass%) was used for this investigation. All the specimens were wet ground with up to No. 1500 sand paper, followed by polishing from 6 µm to 1 µm by diamond gel. The surface of each specimen (i.e., working electrode) was mounted using tape (3M electroplating/anodizing Tape 484L, Industrial Adhesives and Tapes Division, St. Paul, USA) to provide an exposed surface area equal to 12 mm © 12 mm. Then, for preventing crevice corrosion, a fast-curing epoxy (Araldite Rapid, Huntsman Advanced Materials, GmbH, Switzerland) was employed to expose surface area of 10 mm © 10 mm. Another specimen with the same size was also prepared by tape mounting without exposed surface, which will act as a waveguide to collect the AE signal of hydrogen bubbles on the counter electrode.
The pitting corrosion process was controlled at room temperature by anodic polarization with the potentiodynamic method. The system consists of a potentiostat/galvanostat (WonATech Co. Ltd., Korea), a silver/silver chloride (Ag/ AgCl) reference electrode (RE-5B, Bioanalytical Systems Inc., USA) and a coiled platinum wire counter electrode (MW-1033, Bioanalytical Systems Inc., USA).
The pitting corrosion test was carried out in various concentrations (0.5, 1.5, 2.5, 3.5, and 4.5 mass%) of NaCl solution of pH 2, acidified initially by the addition of HCl. The specimens were anodically polarized from the opencircuit potential (E OC ) with a scan rate of 0.4 mV/s after 20 min immersion in the test solutions. Before and after the experiment, all the specimen surfaces were examined using a scanning electronic microscope (SEM).
Acoustic emission measurement
In order to monitor both the pitting process in the working electrode and the hydrogen bubbles on the counter electrode separately and simultaneously, an experimental setup with a double-channels AE system and two AE sensors was designed, as shown in Fig. 1 . A salt bridge was employed to place the counter electrode in a nearby cell. Two identical wideband AE sensors (Model: WS¡, Physical Acoustics Co., Princeton, USA) and two identical pre-amplifiers (Physical Acoustics Co., Princeton, USA) were employed. The two sensors were mounted, respectively, using ultrasonic couplant to two identical specimens that were placed in two separate cells. The other ends of the sensors were connected to channel 1 and channel 2 via two preamplifiers, respectively. Sensor 1 and sensor 2 were used to collect the AE signals of hydrogen bubbles on the counter electrode and pitting process on the working electrode, respectively. The AE signals were collected in one acquisition device (Model: PCI 2, Physical Acoustics Co., Princeton, USA). The thresholds for each channel were set at 27 dB and the two preamplifiers were set at 40 dB.
Results and Discussions
Figure 2 is SEM image showing the surface morphology of the 304 stainless steel (304 SS) specimens after anodic polarization in NaCl solutions of various concentrations. The occurrence of many stable pits on the surfaces is obvious and the pitting corrosion becomes more severe with increasing concentration of NaCl. Figure 3 shows the potentiodynamic anodic polarization curves with NaCl concentration, from which E P was determined. The correlations between the NaCl concentration and E OC as well as E P of 304SS tended to vary linearly with the logarithm of the chloride concentration, as shown in Fig. 4 . The slope value of the linear regression with the E P is very similar with that of the previous reports on 304 SS, 1618) which confirmed the linear dependences of E P on the NaCl concentration again. Figure 5 shows the evolution of the AE signals of 304 SS during the potentiodynamic anodic polarization process in the solutions of different NaCl concentrations.
On the working electrode, the pitting process not only includes the main oxidation reaction like the dissolution of metal, but also is accompanied by some other processes like the rupture of salt cap 12) as well as the hydrogen bubble evolution inside the occluded pits during the hydrolysis process of the corrosion products. 811) Therefore, the sensor 2 collects all the acoustic signals emitted due to the abovementioned several corrosion mechanisms during pitting process on the working electrode, excluding the AE signal from the hydrogen bubble generated on the counter electrode separately located in the nearby cell. The AE signals from this hydrogen bubble on the counter electrode are detected by the sensor 1.
It shows that the AE signals from both the hydrogen bubbles evolution on the counter electrode and the pitting process on the working electrode at all concentration were not detected immediately since the pitting potential was reached. Instead, there was a short time delay, after which the AE signals became active. Moreover, the detection of AE signals from hydrogen bubbles evolution was observed to be earlier than that of the AE signals from the pitting process on the working electrode. In these graphs showing the phenomenon of "time delay", t p indicates the starting time of pitting corrosion. The parameters of t 1 and t 2 mean the time for the first detection of AE signals from hydrogen bubbles on the counter electrode and pitting process in the working electrode, respectively. The parameters of ¦t 1 and ¦t 2 are defined here as the "delay time" of the AE signals from hydrogen bubbles evolution on the counter electrode and pitting process on the working electrode, respectively. An AE-derived parameter, ¦t 3 , is introduced in this research as the time difference between the first detections of the AE signals from hydrogen bubbles on the counter electrode (t 1 ) and the pitting process on the working electrode (t 2 ).
Here, the delay time of ¦t 1 is thought to be closely related with a gas pressure threshold for hydrogen bubbles to breakup at the counter electrode. The resulting acoustic pulse emission is again related with the metal dissolution according to the oxidation reaction of eq. (2) . AE signals from the pitting process on the working electrode were detected with another delay time (¦t 2 ) since the pitting process begins. In attempting to explain this delay time, Fregonese et al. 8, 9) and Xu et al.
11) introduced a current density threshold. This threshold can be interpreted as a minimum amount of metallic cations formed by anodic dissolution in the occluded cells, which is required for pit propagation to be acousticallyemissive.
As shown in Fig. 6 , the delay times (i.e., ¦t 1 and ¦t 2 ) tended to decrease with increasing NaCl concentration. As NaCl concentration increases, the environmental condition for pitting corrosion becomes increasingly severe. Accordingly, the times for the acoustical activation of the hydrogen bubbles on the counter electrode and the pitting process on the working electrode decrease. Moreover, the AE-derived parameter, ¦t 3 , can be regressed linearly with NaCl concentration, as represented in Fig. 7 . Figure 8 shows that the critical corrosion variables of E OC and E P are linearly correlated with the value of AE signalderived ¦t 3 . The empirical correlations can be expressed as follows:
E OC ¼ À0:42 þ 4:39 Â 10 À4 Át 3 ð4Þ
It can be mentioned that the AE-derived parameter, ¦t 3 , implies pitting corrosion resistance of stainless steel: The more easily pitting corrosion occurs, the lower the value of ¦t 3 would be and vice versa. The co-relating constants in these equation seems to be related with metal dissolution rate and detailed mechanism of the corrosion process, although they have to be further understood.
Electrochemical methods using three electrodes have been traditionally applied for evaluation of the critical corrosion variables of great significance. However, based on the above good correlations, the AE technique can offer a new path to evaluate the critical variables of corrosion, thus studying the mechanism of metal corrosion.
Conclusions
In this work, a new experimental setup using two AE sensors applied to study the process of pitting corrosion in 304 stainless steel. The following conclusions were drawn:
(1) The AE signals from the hydrogen bubbles evolution on the counter electrode and the pitting process in the working electrode were detected separately after two different delay times (i.e., ¦t 1 and ¦t 2 ) since the initiation of pitting corrosion. The values of ¦t 1 and ¦t 2 were observed to decrease as the concentration of NaCl increased. (2) The AE signal-derived time-delay parameter of ¦t 3 was linearly correlated to the E OC and the E p , respectively. These relations suggested that the AE technique can be an alternative for evaluation of the corrosion critical variables and the mechanism of metal corrosion. 
